The histone variant H2A.Z plays key roles in gene expression, DNA repair, and centromere function. H2A.Z deposition is controlled by SWR-C chromatin remodeling enzymes that catalyze the nucleosomal exchange of canonical H2A with H2A.Z. Here we report that acetylation of histone H3 on lysine 56 (H3-K56Ac) alters the substrate specificity of SWR-C, leading to promiscuous dimer exchange in which either H2A.Z or H2A can be exchanged from nucleosomes. This result was confirmed in vivo, where genome-wide analysis demonstrated widespread decreases in H2A.Z levels in yeast mutants with hyperacetylated H3K56. Our work also suggests that a conserved SWR-C subunit may function as a "lock" that prevents removal of H2A.Z from nucleosomes. Our study identifies a histone modification that regulates a chromatin remodeling reaction and provides insights into how histone variants and nucleosome turnover can be controlled by chromatin regulators.
dimer-H3/H4 tetramer interaction (fig. S1, top panels) (10, 11) . By contrast, incorporation of H2A.Z led to a decreased salt stability of both H3 and H3-K56Q mono-nucleosomes (fig. S1, bottom left panel) (12) . However, the combination of H2A.Z and H3-K56Q did not further decrease stability (fig. S1, bottom right panel), indicating that this H3 modification does not itself contribute to marked instability of nucleosomes.
The conserved SWR-C chromatin remodeling enzyme controls H2A.Z deposition in yeast (13, 14) , and so we next tested whether H3-K56Ac might regulate its histone exchange activity. Recombinant yeast H2A mononucleosomes that harbored either H3-K56 or H3-K56Q were incubated with purified SWR-C, recombinant H2A.Z/H2B dimers, and adenosine 5′-triphosphate (ATP), and then histone exchange was quantified by a Western blot assay, probing for different epitope-tagged, H2A histones. The integrity of the mononucleosome was analyzed by both Western blotting for H3 and by visualizing DNA (Fig. 1) . SWR-C catalyzed robust deposition of H2A.Z when incubated with the wild-type H2A nucleosomes (14) . By contrast, nearly 80% less H2A.Z was deposited by SWR-C when incubated with the H3-K56Q substrate ( Fig. 1A and fig. S2 ).
SWR-C-catalyzed dimer exchange involves at least two coupled steps-ATP-dependent eviction of the H2A/H2B dimer from the nucleosome, followed by deposition of H2A.Z/ H2B (15) . We predicted that H3-K56Ac might facilitate both the forward and reverse reactions and might display altered substrate specificity more like that of the related INO80 enzyme (16) . We incubated SWR-C with H2A.Z nucleosomes, ATP, and H2A/H2B dimers and found that SWR-C had no effect on the histone composition of the wild-type H2A.Z nucleosome, as expected ( Fig. 1B) (14, 16) . By contrast, SWR-C showed robust eviction of nucleosomal H2A.Z when the nucleosome harbored H3-K56Q ( Fig. 1B and fig. S3 ). Furthermore, SWR-C catalyzed the ATP-dependent incorporation of H2A when incubated with the H2A.Z/H3-K56Q mononucleosome ( Fig. 1B ). H2A.Z exchange was efficient, with nearly 30% H2A replacement (Fig. 1C ). H3-K56Q also stimulated a low level of H2A.Z exchange in the absence of SWR-C, indicating that this modification may poise the H2A.Z nucleosome for exchange events ( The substrate specificity of the SWR-C dimer-exchange reaction is reflected by the adenosine triphosphatase (ATPase) properties of SWR-C, as an H2A nucleosome, but not an H2A.Z nucleosome, stimulates the ATPase activity of SWR-C (15) . Because ATPdependent remodeling enzymes are DNA-stimulated ATPases, these results suggest that SWR-C productively interacts only with the nucleosomal DNA of an H2A nucleosome, consistent with the dimer exchange specificity of SWR-C. To determine if H3-K56Q alters the ATPase properties of SWR-C, ATPase assays were performed with wild-type and H3-K56Q nucleosomes. The ATPase activity of SWR-C was stimulated by an H2A nucleosome, but no stimulation was observed with the H2A.Z nucleosome ( Fig. 2A ). The addition of free H2A.Z/H2B dimers led to a further stimulation (15) . By contrast, nucleosomal incorporation of H3-K56Q led to equal ATPase stimulation by both the H2A and H2A.Z nucleosomes, and addition of free dimers had no effect (Fig. 2B ).
The Swc2p subunit of SWR-C binds to H2A.Z, and Swc2p is required for deposition of H2A.Z in vitro (17) and in vivo (13) , suggesting that Swc2p functions during the H2A.Z deposition step of the dimer-exchange reaction, presumably by binding and delivering H2A.Z (17) . We hypothesized that Swc2p might also function at the end of the reaction cycle, functioning as a molecular "lock" that binds to H2A.Z and prevents SWR-C from removing the newly incorporated H2A.Z. SWR-C was purified from a swc2Δ strain, yielding a SWR-C that lacks the Swc2p and Swc3p subunits and was depleted for Arp6 and Swc6 (fig. S9 ). The Swc2Δ subcomplex was unable to deposit H2A.Z into an H2A nucleosome ( fig. S10) (17) , but it catalyzed the ATPdependent eviction of H2A.Z and promoted H2A incorporation (Fig. 2C) . Thus, the activity of the Swc2Δ subcomplex shows similarity to that of SWR-C with an H3-K56Q nucleosome. The ATPase activity of the Swc2Δ subcomplex was stimulated by an H2A.Z nucleosome, but not an H2A nucleosome, the opposite substrates compared to intact SWR-C (Fig. 2D) . Thus, the Swc2/3 module appears to play a key role in substrate specificity, promoting activity on an H2A nucleosome and preventing the remodeling of an H2A.Z nucleosome. Swc2p binds to the C-terminal domain of H2A.Z that is near H3-K56 within the nucleosome; thus, we propose that H3-K56Ac might disrupt Swc2p function, allowing SWR-C to act on a H2A.Z nucleosome. Consistent with this view, the activity of the Swc2Δ subcomplex was not influenced by H3-K56Q ( fig. S11 ).
Our model predicts that constitutive acetylation of H3-K56 in vivo should promote H2A.Z exchange, leading to decreased steady-state levels. To test this model, we carried out genome-wide mapping of H2A.Z in yeast with globally increased levels of H3K56Ac. For these analyses, yeast strains were used that either express H3K56Q, or lack the Hst3p and Hst4p deacetylases that target H3-K56Ac (18, 19) . In our wild-type control, we recapitulated the previously reported localization of H2A.Z (1, 3), with maximal enrichment at genic +1 nucleosomes and more modest enrichment at the −1 nucleosome. Notably, in both strains carrying globally increased H3-K56ac, H2A.Z levels were on average diminished at promoters (Fig. 3A) . HTZ1 (H2A.Z) mRNA levels were unchanged in H3-K56Q and hst3Δ/ hst4Δ strains ( fig. S12 ). Because Fig. 3A shows an averaged view over all genes, we also sought to understand whether this loss of H2A.Z was universal or specific to a small subset of genes. As shown in Fig. 3, B and C, H2A.Z was generally lost from +1 nucleosomesnucleosomes normally exhibiting modest or minimal enrichment of H2A.Z (H2A.Z levels in wild type from 0 to 3) were little affected by global hyperacetylation, whereas nucleosomes carrying higher amounts of H2A.Z almost universally lost H2A.Z in strains harboring constitutive H3-K56Ac (see also fig. S13 ). Consistent with the idea that H3K56Ac leads to SWR-C-dependent H2A.Z replacement, H2A.Z was lost in hyperacetylation mutants primarily at genes associated with SWR-C, whereas genes lacking SWR-C in prior mapping studies (20) were largely unaffected in these mutants ( Fig. 3D and fig. S13C ).
H2A.Z incorporation was also monitored in wild-type and H3-K56Q strains during the reestablishment of transcriptional repression at the PHO5 gene. In both the wild-type and H3-K56Q strains, H3 levels were restored to similar extents when PHO5 was repressed; however, H2A.Z was at least 50% less in the H3-K56Q strain ( fig. S14 ). Finally, we tested whether the gene expression profiles of an H3-K56Q strain are similar to that of a strain that lacks H2A.Z. We observed a significant overlap in gene expression defects and a positive correlation between changes in mRNA levels between htz1Δ and H3K56Q strains (Fig. 4) .
These data are consistent with H3K56Ac modulating SWR-C dimer-exchange activity in vivo.
A functional connection between histone modifications and ATP-dependent remodeling enzymes has long been recognized (21) . Here we find that H3-K56Ac (or H3-K56Q) functions as a switch that changes the remodeling specificity of the SWR-C dimer-exchange reaction, leading to removal of H2A.Z from the nucleosomal product. Our data indicate that Swc2p functions to prevent activation of the Swr1 ATPase by an H2A.Z nucleosome, and that it may function at the end of the reaction cycle to "lock" H2A.Z and prevent its eviction. Swc2p is conserved from yeast to human (17) , and YL-1, the metazoan counterpart of Swc2p, is found in the Drosophila and human counterparts of SWR-C, the dTip60 and SRCAP complexes, respectively (22, 23) . Thus, it is likely that both the proposed "lock" function of Swc2 and the role of H3-K56Ac are conserved in higher eukaryotes. Our work suggests a model whereby an H3-K56Ac nucleosome may be subject to multiple rounds of SWR-C-catalyzed dimer exchange and such promiscuous dimer exchange may promote subsequent histone H3/H4 turnover ( fig. S15) . This model provides a mechanistic explanation for how H3-K56Ac and H2A.Z might coordinately control nucleosome turnover at regulatory regions (3) by regulating the activity and substrate specificity of chromatin remodeling enzymes.
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